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Following the methodology used in sol—gel chemistry to functionalize amorphous
silica, organic funclionalizeci mesoporous silica were prepared by the co-condensation of
tetraethoxysilane and organoalkoxysilanes in the presence of surfactant templates. A
series of titanium catalysts containing Ti-MCM-41 with different bridging and pendant
organic functional groups (such as methyl triethoxysilane (MTEO S), phenyl
triethoxysilane (PTEOS), diphenyl triethoxysilane (DPTEO S), bis (triethoxysilyl) ethane
(BTSE), 1,4 bis(triethoxysiyl) benzene (BTSB), bis( triethoxysilyl) biphenyl (BTSDP)
and two catalysts with different organic-inorganic ratios (90% TEOS with 10% phenyl,
70% TEOS with 30% phenyl) were synthesized. The catalysts were characterized by
elemental analysis, XRD, FTIR, UVDRS, by solid state ‘3C and 29Si MAS NMR, and
BET surface area analysis. The catalytic activities of the synthesized materials were
evaluated for epoxidation of cyclohexene with TBIIP. The materials yielded improved
conversion compared to the conversion results obtained from the traditional titanium
containing mesoporous silica (Ti-MCM-41). The hydrophobic character of the
synthesized catalysts was tested in the epoxidation of cyclohexene by using wet TBIIP.
Ti-MCM41 with bridged organosilane showed almost the same conversion in the
presence of water, while for Ti-MCM-41 with organosilane pendant groups. conversion
decreased almost 36%. This implies that the silylation of the surface ofTi-MCM4I
protected the active sites. rrn% effect of substrate: oxidant molar ratio in these reactions
were studied and high conversion, high selectivity were achieved at 1:1 molar ratio.
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The selective oxidation of hydrocarbons to synthesize epoxides, is of significant
interest in the chemical industry. Epoxides are useful synthetic intermediate in the
manufacture of pharmaceuticals and some oxygenated compounds used in the flavor and
perfumes industries. The finding of efficient catalysts for the selective insertion of one
oxygen atom from oxygen donors like dioxides, hydrogen peroxide, alkyl hydroperoxide,
sodium hypochlorite, under mild conditions remains a difficult challenge for chemical
and biological catalysis. Compared with other chemical processes, the oxidation process
is complex and difficult to be controlled or to be stopped at certain stages. For these
reasons, selective catalytic oxidation is an active area of research. Since the discovery of
ordered mesoporous materials, there has been continuous effort to utilize products such
as MCM-41 and related molecular sieves as heterogeneous catalysts. The synthesis and
modification of MCM-41 flourished, as MCM-41 can enhance the possibility of bulkier
molecules participating in the reaction. The introduction of Ti in MCM-4 1 to form
Ti-MCM-41 has opened new routes for the catalytic oxidation of bulky molecules and the
synthesis of new products.
Surfactant-templated mesostructures such as MCM-4 1, offer great potential as sorbents,
catalysts, and sensors in materials chemistry. The excitement began with the discovery of
hexagonally ordered mesoporous silicate structures (M4 I S materials) by Mobil corp.
and ([‘SM—i 6 materials) by Kuroda, Inagaki, and co—workers. ‘ l’hese materials
possess extremely high surface area and uniform accessible pores. Their pore size
exceeds those attainable in zeolites and they can he tuned in the nanometer range by
choosing appropriate surfactant templating agents. I lowever, the original mesoporous
silicates and alumino—silicates exhibited a number of limitations, including lower
hydrothermal stability and lower reactivity, than zeolites with comparable compositions.
They possessed relatively thin walls, and they only formed fine particles. Yet the ability
to manipulate structures of porous solids on a nanometer scale in a controlled way proved
to be so important to the research community that many of these limitations have been
addressed and overcame in the last few years. For example, the hydrothermal stability of
mesoporous silicates has been improved by adding salts to the synthesis mixture 8 or by
producing materials with thicker walls. 12 Structures with uniform pore size can now be
formed throughout most of the mesopore size range, which encompasses 2-50 nm as
defined by International Union of Pure and Applied Chemistry (IUPAC) definition.
The periodic mesoporous organosilicas (PMOs) which are derived from a number of
bridged organosilane precursor represented by the general formula
(R’O)3 Si-R-Si(R’O)3,where an organic group is an integral part of the porewall of the
mesoporous network, opened up new opportunities for the applications of the
mesoporous materials. Depending on the organic species in the network, the chemical
and physical properties of PMOs can be tuned for desirable use.
Organic modification of the mesoporous silicates permits precise control over the
surface properties (eg. hydrophilicity and hydrophohicity) and pore sizes of’ the
mesoporous sieves for specific applications, while at the same time stabilizing the
1
materials toward hydrolysis. lhc inorganic components can provide mechanical, thermal.
or structural stability, whereas the organic Ibatures can introduce flexibility and
additional lunctionalitics into the framework. MCSOpOr0US solids have been
functionalized at specific sites, and demonstrated improved activity, selectivity, and
stability in a large number of catalytic reactions.24 An ethylene bridged silica hybrid
mesoporous materials with titanium incorporated was found to be effective for liquid—
phase epoxidation of alpha pinene with 11202. Alpha pinene oxide was the major product
with 99.9% selectivity. ‘ A series of titanium rich isomorphous substituted Ti-MCM-41
was synthesized with different Si/Ti ratios. A high conversion of 47% was achieved.
Epoxidation of higher olelins were also carried out over Ti-MCM-41 catalysts and good
conversion and high selectivity was achieved •26 A comparative study concerning the use
of Ti-MMCM-41 for styrene oxidation by hydrogen peroxide was performed. The
influence of the reaction time and the nature of the solvent on the styrene conversion, the
selectivity of hydrogen peroxide consumption and on the product distributions were
studied. 40 The nature of the solvent was found to have an important effect on the
outcome of the reaction. i.e.. on yields, by-product formation and reaction kinetics. The
conversion of styrene increases with increase of reaction temperature.
In this work the synthesis of ethylene, phenylene, and hiphenylene bridged and
pendant functionalized mesoporous Ti-MCM-4 I. The materials were synthesized by the
co-condensation of 1 ,2-bis(triethoxysilyl) ethane (BTSE), I ,4-his-(triethoxysilyl) benzene
(BTSB), 1 ,2-bis-(triethoxysilyl)biphenyl (BTS DP), methyl(triethoxysilane) (MTEOS),
phenyl(trietoxysilane) PTEOS), and biphenyl(triethoxysilane) (I)PTEOS) in the presence
of cetyltrimethylammoniurn bromide CTAB) and titanium isopropoxide. C’yclohexene
epoxidation reaction with tert-butyl hydro peroxide (TBHP) as an oxidant was studied to
4
evaluate the catalytic properties of Ti mesoporous organosilicate catalysts. lor practicil
applications, the hydrothermal stability of the materials is very important because most of
the acid catalyzed reactions such as esterification, hydration, and condensation always
involve water. Therefore, effect of the organic functionality on the catalytic activity in
the presence of water was investigated.
1.2 Objective
The objective of this research is to synthesize titanium containing organo—
silicates mesoporous materials with different organic functional groups incorporated in
the porewall or as pendant, and to evaluate their potential as heterogeneous epoxidation
catalysts. The effect of type, amount and orientation of organic groups on catalytic
performance in both hydrous and anhydrous epoxidation environment was investigated.
ChAPTER 2
REVIEW OF RELEVANT LITERATURE
2.0. Literature review
In this chapter, the synthesis and structure of niesoporous organic functionalized
Ti-MCM-41 and their application as oxidation catalysts is reviewed.
2.1.0 Synthesis of MCM-41 and Ti-MCM-41
MCM-41 as a mesoporous silicate is formed by a surfactant templating
mechanism. The pore sizes of the materials are determined by the geometric
configuration of micelles of the surfactant used as template. The surfactants CTAB and
CTAC are amphiphiles, which means they are molecules that are polar on one end and
non-polar on the other end. These surfactants have affinities for both aqueous and non
polar phases. At low concentration, they dissolve in water. At some critical concentration,
however, they reach their solubility limit and begin to aggregate into micelle structures.
The micelle structure allows the molecule to keep its polar region in the aqueous phase
on the surface of the micelle and the non-polar portion in the non-polar interior of the
micelle. The limiting monomer solubility is called the critical micelle concentration
(CMC). At concentration below the CMC, the amphiphile exists as monomers. At the
concentration above this level, the excess amphiphile aggregates to form niicelles. The
surfactants form micelles and micelle rods by liquid crystalline self-assembling. Further
ordering results in the formation of the hexagonal array. The ordered rod-like micelles
5
6
interact with the silicate to yield tubular silica arranged around the external surface of the
micelles. The surfactant is then removed, leaving the mesoporous. hexagonal structured
si I icate network.
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Figure 1. The schematic of MCM-41 formation
30
Figure 1 illustrates the mechanism of surfactant templating synthesis of inorganic
mesoporous materials.
2.1.1 The synthesis pathway of PMOs
The common two approaches for the surface fuctionalizations are:
(i) post-synthesis grafting by attaching desired ligands to the surface of template-
free PMOs. 21.20
(ii) condensation (also known as one-pot synthesis) of tetraethylorthosilicate as silica
precursor and an organotrialkoxysilane in the presence of various templating agents,
including ionic surfactants, algometric surfactants, and block copolymers.
16
Among the mentioned methods above, the post- synthesis grafting of functional groups




organization process, This process is driven by the interaction shared by the organic
groups (e.g. t—m stacking. hydrogen bonding, and Van 1)cr Waals lorces) or hydrophilic
/hydmphohic interactions between oi’ganic and silanol giups through reacting
hydrolysable moieties with silanol groups present on the surftice. In the post—synthesis
grafting approach, the organic functionalities are often postulated to be pendant groups
heterogeneously located on the internal or the external pore surface, because they
congregate near the entries of the mesoporous channels and on the external pore surface.
On the other hand, the one-pot synthesis allows good control of the organic
content and more homogeneous distribution of organic functions in the
materials. 13-16 In recent years. the co-condensation has become very attractive because it
affords PMOs with high loading of pendent organic groups and allows more control over
the surface and structural properties of the resulting materials. It is reported to be more
efficient and less time consuming than post synthesis modification. In this method, co
condensation of tetra-alkoxysilane and one more organo-alkyoxysilanes with Si-C bonds
is an alternative method of producing inorganic-organic hybrid networks by sol-gel
chemistry.
Hydrolysis and condensation are catalyzed by aqueous acid or base. With either acid or








Figure 2. Functionalization oimcsoporous silicates by co-condensation IS
Co-condensation is illustrated by the following sequence of reaction:
(a) Si (OR)1 + n 1120 __ (HO) 1-Si (OR)4+ ROH










NaOH O°\ \ \
(d) (EtO)3-Si-R-Si-(OEt) + X-C3H6-Si-(OEt) 0--Si--0--i--R--9i 8
Hydrolysis 0 0
e eCondensation
2.1.2. Synthesis of MCM-41 containing pendant organic groups
The synthesis of MCM-41 containing pendant organic groups involves mixtures
of cetyltrimethylammoniurn bromide or cetyltrimethylammoniun chloride surfactants
with tetraethylorthosilicate (‘l’EOS) and organosilanes chosen From the following:
Phenyltriethoxysilane (P’I’FOS), allyltrimthoxysilane (AiMS).
3 imidazolytriethoxysilane 13. 1,2 or 3-mercaptopropyltrimethoxysilane (MPTMS), )
9
3-aminopropyltriethoxysilan (APTES).7’8In selceted systems, hexagonally ordered
materials were obtained when up to 20 mol% of the organoalkoxysilane was used.8
Similarly, mercaptopropyl-functionalized porous silicates were synthesized by the co
condensation of 3-mercaptopropyltriethoxysilane (MPTES) and TEOS in the presence of
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2.1.3 Synthesis of MCM-41 containing organic functionality within the
framework (PMOs).
In the synthesis of PMOs, organic groups can he attached to the external and
internal surfaces of the mesopores, as well as can be housed as uniformly integrated
bridging groups inside the pore walls. Burleigh and co-workers prepared the ethylene-
bridged PMOs using— his—(lrilylelhoxysilyl) ethane (BTSh) and (“I’AC under basic
condition by co-condensation at room temperature. The materials showed hexagonal
order mesoporous structures, with a pore distribution of 2.7 nm. pore volume of 0.93
mL/g, and high surface area (1170 m2/g). Similarly, Inagaki and co—workers obtained an
ordered hexagonal mesoporous phenylene-bridged PMOs at 95°C in basic medium of
1,4-bis (triethoxysilyl) benzene (BTSB) in the presence of CTAC.22 The material showed
very high thermal stability (above 500°C), a hexagonal array of the mesopores with a
narrow pore distribution centered at 3.8 nrn, pore volume of 0.66 mL /g, and high surface
area (81 8 m2/g). Beside ethylene and benzene, several alkyl groups. including -Cl 12-
and —C112-C112- I I, 17, have been successfully iicorporated into the pore walls of meso





















Figure 4. Synthesis scheme of organic bridged PMOs
2.2.0 Application of Ti-MCM-41 and functionalized Ti-MCM-41 as an oxidation
catalyst
The development of solid catalysts for selective oxidation has drawn much
attention. 59Until the late seventies, ion exchange was the principal method for the
introduction of transition metals into microporous matrices. This raises the major
problem of metal leaching in liquid- phase oxidation. A breakthrough was made with
Ordered Mesoscopic Composito
13
discovery of titanium (IV) silicate. Ti—MCM—41 is used in oxidation process involving
organic molecules of commercial interest, such as phenol, bulky aromatic and
lerpincols. 40 Ti—MCM—41 is used in the oxidation of tert—butyl toluene, epoxidation of
cyclohexanone ammoximation, and phenol hydroxy lation. Phenol converts to
hydroquinone and catechol which are used as bleaching cream, skin whitening, and as
inhibitors. Ti—MCM—41 is used for the oxidation of aiithracene to anthraquinone that is
used as scintillation counter in the production of plastic.
Ti- MCM -41 oxidizes ethyl benzene and biphenyl to their ketone derivative,
which is the route for the synthesis of many fine chemicals. Ti-MCM-41 oxidizes toluene
to CO2 and CO. with selectivity towards CO2 above 80%. It is used for the oxidation of
2- methylnaphthalene to vitamin K or menadione used in the pet food. It oxidizes alpha
pinene to verbenone, •for use in perfumery industries. It is also used for the oxidation of
ally! alcohol to glycinol, used for bactericide and as preservative in alcohol beverages.
2.2.1 Proposed chemistry of cyclohexene epoxidation by Ti-MCM-41
The oxidation of cyclohexene is outlined in the Scheme I. For epoxidation, the
role of the catalyst is to withdraw electron from the peroxidic oxygen making more
susceptible to be attacked by olefin. Complete catalytic cycle of the epoxidation by tert
butylhydroperoxide (TBHP) is assumed to have three steps; (1) chemisorptions of TBI-IP
to form Ti-OOH active species, (2) epoxidation of cyclohexene by the Ti-OOH species
and desorption of the absorbed epoxide, and (3) regeneration of the active center.
T1MCM-4 I
CI 1C13,TBHP dry 60 C °
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Tetramethylammonium hydroxide I (Cl13)4N01 1, TMAOI 1,25 wt % in water],
titanium isopropoxide I Ti [0—Cl l—(Cl 13)21 4], celyltritnethylammonium bromide [CTAB,
98%1, tetraelhyl orthosilicate [(C2H50)4Si, TEOS 1 bis(triethoxysilyl) ethane
[(CH2)(Si(0-CH53BTSE, 96% ], 1 ,4-bis(triethoxysilyl) benzene
[C64(Si(OC BTSB, 96%], bis(triethoxysilyl) biphenyl [C12 “8 Si (0C2H5)3
BTSDP, 96%], methyltriethoxysilane [CI-I3Si-(0C2H5)MTEOS,],
benzvltriethoxysilane j CH5Si-(OC75)3,BTEOS,j, biphenyltriethoxysilane
{C6H5-4Si-(0C2)3.DPTEOS], tert-butyl hydroperoxide (TBHP). [CHCl]
3.2.0 Synthesis
3.2.1 Synthesis of MCM-41
MCM-41 material was prepared using procedure described by Burkett et aL5
A 0.8 g sample of CTAB was dissolved in 42.8 ml of 0.1 M sodium hydroxide solution at
40°C. After complete dissolution, 3.81 g of TEOS was added to give a mixture of molar
ratio: 1.0 TEOS: 0.12 CTAB: 0.23 NaOH: 130 H20. An immediate precipitation was
observed and the mixture was stirred for 3 days at room temperature. After reaction, the
solid was recovered by filtration, washed with distilled water, dried at 70°C overnight
and then calcined at 500°C for 6 hr.
15
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3.2.2. Synthesis of functionalized Ti-MCM-41
Various organic lunctionalized Ti—MCM—41 were synthesized using
tctracthylorthosilicate (TlOS,) bis(triethoxysilyl) ethane (BTS [). bis(tricthoxysilyl)
benzene (Bl’SB), bis(triethoxysilyl) biphenyl (13l’SDPh), methyltriethoxysilane
(Ml’EOS), phenyltriethoxysilanc (PhTEOS), diphenyltriethoxysilanc (DPhTEOS). as Si
source. Cetyltrimethylamonium bromide was used as template and tetraethylammonium
hydroxide (40% aqueous TEAOI I) was used to provide alkalinity to the reaction
medium). Titanium isopropoxide was used as Ti source. The synthesis strategy employed
here was first to hydrolyze the silicon and titanium alkoxide. Controlled hydrolysis of
titanium isopropoxide would be necessary for high Ti incorporation and prevent the
precipitation of Ti07.
Functionalized Ti-MCM-41 was synthesized as follow: (1) In a round bottomed
flask, 0.0037 mole of titanium isopropoxide was dissolved in 0.32 mole of isopropanol
under nitrogen. In another flask, 0.04 mole of TEOS or the above mentioned source of
organosilica was dissolved in 7.3 g of isopropanol under nitrogen and stirred for 30 mm.
To this solution, the dissolved titanium isopropoxide in isopropanol was added, followed
by the dropwise addition of half of the required amount of TEAOH (4.8 g, 40 wt%
solution).The addition of TEAOH to the above mixture was done under nitrogen. These
additions were carried out in ice-cold conditions to prevent the fast hydrolysis of titanium
isopropoxide. After lhr stirring, the remaining 4.8 g of TEAOH was added to the above
mixture. The mixture was stirred for 20 mm, and then 0.26 mole of a 25 wt% CTAB was
added followed by the addition of 1.21 mole of distilled water and stirred Ihr 1 hr. The
contents were heated for 2 hr under continuous stirring to remove alcohols. The resultant
gel was loaded into polyethylene bottles and kept for crystallization at 1 00°C for 3 days.
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‘l’he bottle was cooled, the contents were filtered, washed thoroughly with distilled water
and dried at I 00°C lbr 4 hr. Various organo— functionalized composite materials were
prepared Following the same procedure. The initial gel compositions were as follows in
Table I
Table 1. Molar Composition of Synthesized Catalysts
Molar Composition
Material synthesized Organic Chemicals used Ratio used
Ti-MCM-41 TEOS (tetraethyl-orthosilicate) 0.04 TEOS:
Si-Cl12-Cl b-Si 1,2 bis-(triethoxysilyl) ethane, R 0.0045 BTSE: R
Ti-MCM-41 TEOS ( tetraethylorthosilicate) 0.0400 TEOS:
Si-C6i14-Si 1,2 bis-(triethoxysilyl) benzene, R 0.0039 BTSB: R
Ti-MCM-4 I- TEOS (tetraethylorthosilicate) 0.0400 TEOS:
Si-C(,114-6HSi 1,7 bis-(triethoxysilyl) biphenyl. R 0.0033 BTSDP: R
Ti-MCM4I TEOS (tetraethylorthosilicate) 0.0400 TEOS:
Si -C!!3 Methyltriethoxysilane, R 0.0089 MTEOS: R
Ti-MCM-41 TEOS (tetraethylorthosilicate) 0.0400 TEOS:
Si-C61 15 Phenyltriethoxysilane. R 0.0066 PTEOS: R
Ti-MCM-4 I TEOS (tetraethylorthosilicate 0.0400 TEOS:
Si-C6114-H5 Biphenyltriethoxysilane, R 0.0058 DPTEOS: R
Ti-MCM-41 only TEOS (tetraethylorthosilicate), R 0.050 1 TEOS: R
R: (0.0037 Ti [OCH-(CH3)2]4:0.26 CTAB: 1.21 H20: 0.26 TEAOH), CTAB:
(cetyltrimethyl ammoniurn bromide), TEAOH: (tetraethyl amrnonium hydroxide)
3.2.3.0 Removal of templating agent from Ti-MCM-41
The “as synthesized” materials are almost non-porous because the organic
templating agent is trapped in the cavities of the solid. To obtain a completely porous
solid, it is necessary to remove the templating agent using calcination or solvent
extraction. For Ti-MCM-41, the “as synthesized” material was caleined in air at 500°C
for 6 hr at heating rate of 2° per mm. For the functionalized Ti-MCM-41, the template
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was removed by solvent extraction of the surfhctant using the procedure oF Stein L’/ a!. 2)
‘the occluded surFactants were removed by two steps extraction. l”irst, the solid was
relluxecl in a solution of 0.05 M I12S04 in ethanol for 1 hr. Then, the remaining occluded
surfactant was extracted by refluxing the solid in a 0.1 5M solution of I 1N03 in heplane:
ethanol (52:48) for 24 hr. In both steps, a liquid /solid ratio of 50 was used.
3.3.0 Characterization
3.3.1 X-ray powder diffraction
X-ray powder diffraction is a technique in which the pattern produced by the
diffraction of X-rays through the closely spaced lattice of atoms in a crystal is recorded
and then analyzed to reveal the nature of that lattice. This generally leads to
understanding of the molecular structure of the material. The spacing in the crystal lattice
is determined using Bragg’s law;
n = 2d sin (0)
Where, n is an integer, 2 is the wavelength of the X-rays, d is the spacing between the
planes in the atomic lattice, and 0 is the angle between the incident ray and the scattering
planes. The electrons that surround the atoms physically interact with incoming X-ray
photons. This technique is widely used in chemistry and biochemistry to determine the
crystal structures of an immense variety of molecular structures, including inorganic
compounds, DNA and proteins. Since each crystalline solid produces its own line
spectrum, both the positions (values of the scattering angle 0) and the intensity of the
lines are characteristic of that particular phase, and the pattern thus provides a fingerprint
of the material.
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X—ray powder dil’liaction (XRD) measurements were recorded on a Philips
XPl Rl’ cli I iractometer with a Cu K( anode, voltage and current of 40 KV and 45 mA,
respectively. Scanning was done at 20 angles from 1 to 100 with step size of 0.02°, step
time of 10 s, and slit width of 1/2°. The powder sample was filled in a small disc—like
container and its surface carefully flattened. The disc was placed on one axis of the
diffractometer and tilted by an angle 0, while a detector rotates around it on an arm at
twice this angle.
3.3.2 Surface area and pore size distribution analysis
When a gas is exposed to a solid surface, molecules of the gas will adsorbed to the
surface in quantities that are a function of their partial pressure in the bulk. The
measurement of the amount of gas adsorbed over a range of partial pressures at fixed
temperature results in a graph known as an adsorption isotherm. The IUPAC
classification for adsorption isotherms is shown in Figure 5. Type I isotherms are given
by microporous solids having relatively small external surface. Type II and III describe
adsorption on macroporous adsorbents with strong and weak adsorbate-adsorbent
interaction, respectively. Type IV and V isotherms are associated with capillary







Figure 5. The IUPAC classifications for adsorption isotherms 16
The BET method is widely used in surface science for the calculation of surface
areas of solids by physical adsorption of gas molecules. A total surface area, Stotai and a
specific surface area, S, are evaluated by the following equation:
Stotat = (V111 Ns) / M
where, N: Avogadro’s number, s: adsorption cross-section, and M: molecular weight of
adsorbate.
Nitrogen adsorption measurements were performed at 77K using a micromeritrics
Re Iati’ie pmssur€i
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ASAP—202() volumetric adsorption analyzer. Prior to the adsorption measurements, each
sample was degassed at 473K for 2 hr under vacuum. The BET specific surface area
(S was calculated Irom adsorption data in relative pressure range from 0.04 to 0.4.
[he total pore volume was obtained according to the single point method. The mean pore
size was evaluated with the Barret, Joyner and 1-lalenda (Bill) method. ‘
3.3.3 Thermo-gravimetric analysis (TGA)
In therrno—gravimetric analysis (TGA), the mass of a sample in a controlled
atmosphere is recorded continuously as a function of temperature. A plot of mass or mass
percent as a function of temperature yields a thermogram. The change in physiochemical
states of solids subjected to temperature variation are accompanied by heat transfer. The
exothermic and endothermic effect can be measured quantitatively by differential thermal
analysis (DTA). In this technique, the difference in temperature between a substance and
reference material is measured as a function of temperature while the substance and
reference material are subjected to a controlled temperature program. The DTA is
performed simultaneously with TGA analysis, and an empty pan is used as a reference.
TGA analysis was performed using an SDT 2960 from TA instruments Inc. Milligram
quantities of sample were placed in a ceramic crucible. The sample was heated from
ambient to 700°C at a heating rate of 10°C 1mm in flowing air. An empty crucible was
used as reference.
3.3.4. Diffuse Reflectance Spectroscopy UV-Visible
When molecules are exposed to light having an energy that matches a possible electron
transition within the molecule, some of the light energy will be absorbed as the electron is
promoted to higher energy orbital. An optical spectrometer records the wavelengths at
which absorption occurs, together with the degree of absorption at each wavelength. [he
resulting spectrum is presented as a graph of absorbance (A) versus wavelength or
di flused reflectance (DR) versus wavelength.
DR-IJV was recorded on a Cary 500 Scanning UV-VIS-NIR Spectrometer that
was equipped with difluise reflectance attachment. BaSO4was used as a relèrence. For all
solid measurements, scanning was done in the wavelength range of 200-700 nm.
3.3.5. Infrared Spectrometry
Infrared radiation in the range from about 10,000-10 cm is absorbed and
converted by an organic molecule in to energy of vibration. This absorption is quantized,
but vibrational spectra appear bands rather than as lines because number of rotational
energy changes accompanies a single vibrational energy change. The frequency or
wavelength of absorption depends on the relative mass of the atoms, the force constants
of the bonds, and the geometry of the atoms. The infrared spectrum is conveniently
divided into near, mid. and far-infrared radiation. Infrared absorption (IR) spectra for
molecular species arise by measuring the energy absorption of transition of molecules
from one vibrational or rotational energy state to another.
AE= hv1 = h127t (k’i) 1/2
where h is plank constant and Vrn is the vibrational frequency. k is the force constant
forchemical bond, ji is reduced mass, AE difference of energy level.
Infrared spectroscopy analysis was performed with Nicolet 750 Magna FTIR
instrument. Samples were prepared by mixing approximately 0.5-1 mg with 100 mg of
dry KBr by thorough grinding in a smooth agate mortar. The mixture was pressed with
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siecial (lies under pressure into transparent disk. ‘l’lie pellet was then placed in IR holder
and the inli’ared spectrum was recorded by collecting 100 scans.
3.3.6. Nuclear magnetic resonance (NMR)
Nuclear magnetic resonance (NMR) is a physical phenomenon based upon the
magnetic property of an alom’s nucleus. All nuclei that contain odd numbers of nucleons
and some that contain even numbers of nucleons have an intrinsic magnetic moment. The
most often used nuclei are ii and ‘3C, although certain isotopes of many other element
nuclei can also be observed. NMR studies a magnetic nucleus by aligning it with a
powerful external magnetic field and perturbing this alignment using an electromagnetic
field. The response to the field by perturbing is what is exploited in nuclear magnetic
resonance spectroscopy. NMR spectroscopy is one of the principal techniques used to
obtain physical, chemical, electronic and structural information about a molecule. Solids
can be iiivestigated by the technique of magic angle spinning (MAS). Magic angle
spinning involves rotating the solid samples rapidly at a frequency greater than 2 KHz in
a special sample holder that is maintained at an angle of 57.4° with respect to the applied
field. In effect, the solid then acts like a liquid being rotated in the field. MAS-NMR is
also used to differentiate nuclei.
3.3.7 Gas Chromatography
Gas chromatography (GC) is one of the most widely used techniques in modern
analytical chemistry. In its basic form, GC is used to separate complex mixtures of
different molecules based on their physical properties, such as polarity and boiling point.
It is an ideal tool to analyze gas and liquid samples containing many hundreds or even
thousands of different molecules, allowing the analyst to identify both the types of
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molecular species present and their concentrations.
In gas chromatography, the injected sample is transported through the column by
the flow of an inert, gaseous mobile phase. The column itself contains a liquid stationary
phase, which is adsorbed on the surface of an inert solid. Typically, the chemically inert
carrier gas is nitrogen, helium, argon or carbon dioxide.
The sample injection port maintains the injection of a sample for optimum column
efficiency. The most common injection method is where a syringe is used to inject
sample through a rubber septum into a flash vaporizer port at the head of the column The
temperature of the sample port is usually about 50°C higher than the boiling point of the
least volatile component of the sample.
There are two types of column: (1) packed columns, containing a finely divided,
inert, solid support material (commonly based on diatomaceous earth) coated with liquid
stationary phase and (2) capillary column (also known as open tubular). Column
temperature is critical. The optimum column temperature is dependant upon boiling point
of the component of the sample. Gas chromatography involves different types of
detectors, for different types of selectivity. A non-selective detector responds to all
compounds except the carrier gas. A selective detector responds to range of compounds
with a common physical or chemical property and a specific detector responds to a single
chemical compound. Detectors can also be grouped into concentration dependant
detectors and mass flow dependant detectors. The signal from a concentration dependant
detector is related to the concentration of solute in the detector, and does not usually
destroy the sample. Mass flow dependant detectors usually destroy the sample, and the
signal is related to the rate at which solute molecules enter the detector. Some of the most
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common detectors are flame ionization (ill)), thermal conductivity (TCI)), electron
capture (hCD), flame photometric (FPI)), and photo ionization (P1 [))45
The reactant and products from cyclohexenc epoxidation were analyzed using a pre—
calibrated gas chromatography (lIP 6890) equipped with FID detector. The GC
conditions were as follows:
Colum type: Capillary column Supelco-wax-30m x 32 mm x ii) 0.25 im film thickness.
Oven temperature: 250°C, injection temperature: 250°C, detector temperature: 250°C,
Oven temperature program 40°C for 5 mm, 10°C! mm to 250°C
P-Xylene was used as internal standard and carrier gas was Helium.
3.3.7.1 Calibration of Gas Chromatography (GC)
Prior to measurement, the GC was calibrated with pure standards of cyclohexene
(CY), cyclohexene oxide (CYE), 2-cyclohexene-i one(CYONE),
2-cyclohexene- 1 -ol (CYOI-I) and TBHP with p-xylene as internal standard. Retention
times were as follows: cyclohexene (CY) 5.5 mm, cyclohexene epoxide (CYE)
9.3 mm, 2-cyclohexene-1-one (CYONE) 11.0 mi 2-cyclohexene-1-ol (CYOH) 11.5
mm and TBHP 13 mm. Calibration curves were generated for each analyte using five
standards in the range of 500 mg/i to 50000 mg/i. The concentration of p-xylene standard
was 5000 mg/i. The concentration of the analyte was determined using the internal
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Figure 6. Calibration curves of reactants and products from cyclohexene epoxidation
The linear equations were as follow:
1. Y 0.3299X + 1.5633 R2 = 0.9771 for CYOR
2. Y=0.2876X+ 1.0454 R2=0.9701 for CYONE
3. Y = 0.3433X + 0.5491 R2= 0.9808 for CYO
4. Y = 0.2276X + 0.0974 R2 = 0.993 3 for CY
5. Y 0.2267 X +0.3917 R2 = 0.9844 for 1BHP
3.4.0 Catalytic activity evaluation
3.4.1 Catalytic apparatus and reaction procedure
The catalytic activities of the various organo-functionalized Ti-MCM-41 were
evaluated as follows. All catalysts were dried at 70°C’ for 12 hr. The epoxidation of
cyclohexene using Ti substituted mesoporous catalysts was carried out in 100 ml three
necked bottle flasks equipped with condensers and magnetic stirrers. A 2.0 g (0.024
moles) aliquot of cyclohexene, 2.0 g (0.022 moles) of TBHP, 20 g (0.167 moles) of
CI 1Q13 and 0.1 g of catalyst was added and stirred continuously. The mixture was





4.1.1 X-ray diffraction patterns of MCM-41 and Ti-MCM-41
Figures 7 and 8 show the X-diffraction pattern of MCM-41 and Ti-MCM-41
respectively. Both samples exhibit a predominant peak at 20 angle of approximately 2°
that is assigned to the (1 00) lattice reflection of hexagonal structure. Beside the strong
peak, weak peaks ascribed to (110) and (200) reflections were observed in the 20 range of
3-5°. These peaks are similar to those reported for MCM-41, 3-D hexagonal material ‘
and indicate the long range ordering of mesoporous silicate. The peaks in Ti-MCM-41
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Figure 8. XRD pattern of calcined Ti-MCM-41
4.1.2. X-Ray diffraction patterns of Ti-MCM-41 with pendant organic
functionalities
The XRD pattern of functionalized titanium mesoporous materials containing
pendant organic groups are shown in Figure 9. The main low angle at 20 = 2.00. typically
observed in the hexagonal mesoporous structure, were presented in all of three materials.
For the methyl-functionalized Ti-MCM-41, the higher angle, small peaks between 3-5°
were well defined, whereas for phenyl and biphenyl functionalized Ti-MCM-41 these
peaks were broad and less defined. The materials containing the latter two organic groups
were therefore less ordered.












Figure 9. XRD patterns of Ti-MCM-41 containing (a) methyl, (b) phenyl and
(c) biphenyl pendant organic groups.
4.1.3. X-ray Diffraction patterns of Ti-MCM-41 with porewall organics
functionalities
Figure 10 shows the XRD patterns ofTi-MCM-41 with organic groups within
pore walls. The predominant peak at 20 2.3° was well defined, but the diffraction peaks
typically observed in the 3-5° region were broadened. This suggests that the material
containing the organic functionalities, maintained high degree of structural ordering, but
the ordering was lowered by their presence.









Figure 10 X-ray diffraction patterns ofTi-MCM-41 containing (a) phenylene. (b)
ethylene, and (c) biphenylene as component of the pore wall.
4.1.4 X- ray diffraction of Ti-MCM-41 with varying amount of phenyl in pore wall
Figure 11 shows the XRD patterns of Ti-MCM-41 with 10 wt %, 15 wt % and
30 wt % of phenyl attached as pendants. The sharp peak ascribed to the (100) reflection
of the hexagonal structure of the mesoporous was observed at 20 = 2.3° for 10 wt %
phenyl, 2.2° for 15 wt % of phenyl and 2.0° for 30 wt % phenyl. Strong peak that are
ascribed to (110) and (200) reflections are visible for the 10 wt% and 15 wt% phenyl
containing samples, but for the 30 wt% sample they were not observed. This suggests that
the materials with 10 and 15 wt % phenyl containing sample maintained high degree of
structural ordering, but for the 30 wt% sample the structural order was low.
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Figure 11. XRD patterns of Ti-MCM-41 containing different amount of phenyl as
pendant (a) 10 wt% (b) 15 wt% and (c) 30 wt%
4.1.5. Surface area and porosity
Nitrogen gas adsorption - desorption isotherms of surfactant-free Ti-MCM-4 1
with organic functionalities within the porewall and as pendant are shown in Figures
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Figure 12. Nitrogen adsorption- desorption isotherms of Ti-MCM-41 with the organic
functionalities in the pore wall (a) ethylene, (b) phenylene and (c) diphenylene
These isotherms are of Type 1V class according to IUPAC classification. They are
characterized by a sharp capillary condensation step below P/P0 0.5 due to pore filling
and are typical of well-ordered mesoporous material. The BET surface areas were above
500 m2g1,pore size ranged from 5.73 to 6.11 nm, and pore volume ranged from 0.73 to
0.85 cm3 /g (Table 2).
Nitrogen adsorption-desorption isotherms of Ti-MCM-4 1 with pendant organic
functionalities show Type IV isotherms, hence confirming their mesoporous nature
(Figure 13). The materials also showed high surface areas ranging from 412 to 838rn2 /g














Figure 13. Nitrogen adsorption- desorption isotherms of Ti-MCM-41 with pendant
organosilicates. (a) methyl, (b) phenyl and (c) biphenyl.
Nitrogen adsorption-desorption isotherms of Ti-MCM-4 1 containing pendant
phenyl at different concentration (Figure 14) were Type IV, with sharp capillary
condensation step, typical of the well ordered mesoporous material. The BET surface
areas of the materials ranged from 667 to 838m2 /g, pore sizes ranging from 4.4 to 5.2 nm
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Figure 14. Adsorption - desorption isotherms of Ti-MCM-41 with pendant phenyl at
A
different concentration (a) 30 wt%. (b) 15 wt%, and (c) 10 wt%
)0

























3 Ti-MCM41 559 6.1 0.8 915
Si-C1-12-Cl1Si
4 Ti-MCM-41 510 5.7 0.7 643
Si-C61 14-Si
5 Ti-MCM-41 561 5.9 0.8 857
Si-C61 14-FSi
6 Ti-MCM-41 736 4.8 1.2 1112
Si-CH3
7 Ti-MCM-41 838 4.4 0.9 745
Si-C6F15
8 Ti-MCM-41 412 3.9 0.3 908
Si-C6H4-5
9 Ti-MCM41 with 685 5.2 0.8 713
10 wt% phenyl
10 Ti-MCM-41 with 838 4.4 0.9 745
15 wt% phenyl
1 1 Ti-MCM-41 with 667 4.6 0.8 700
30 wt% phenyl
No distinguishable trend was observed as the type and orientation of the organics
were varied. This could be due to variation in the other parameters during synthesis. The
Ti-MCM-41 with the organic functionalities in the framework show almost similar
surface area (around 550 m2/g), pore size (6.0 nm) and pore volume 0.8 cm3/g which are
close to the Ti-MCM-41. Ti-MCM-41 with the pendant has higher surface area (750 rn2/g
average) except for the biphenyl 412 rn2/g which is lower compared to the
Ti-MCM-41 and may be due to incomplete formation of highly ordered structure or
possibly incomplete extraction. The pore sizes are lower obviously due to the hanging
organic materials incorporated on the wall. Pore volumes are similar to the Ti-MCM-41
except for biphenyl which is lower may be for the same reason mentioned above.
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li—M(’M—41 with varying wt% phenyl show higher surlhce area, hut the similar pore size
I1R1 pore VO1UIT1C to the ‘I’i—MCM—4 I
4.1.6 LJV diffused reflectance spectroscopy
DR-IJV spectra ofTi-MCM-41 with different organic functionalities are shown
in Figure 15. All samples show an intense band centered in the range 239—250 nm. This
suggest that most, i foot all the Ti is present as isolated tetrahedral (Ti04 ) units in the
solid framework, with the observed peaks due to electronic transition from
2 2p orbital
to the 3d orbital of tile tetrahedral Ti4 coordinated to oxygen.
25 The absence of a band at
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Figure 15. Diffuse reflectance UV spectra of Ti-MCM-4 1 containing different pore wail
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Figure 16. Diffuse reflectance UV spectra of Ti-MCM-41 containing different pendant
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Figure 17. Diffuse reflectance UV spectra of Ti-MCM-4 1 containing different amount
of phenyl as pendant (a) Ti-MCM-41 with 10 wt% phenyl, (b) 15 wt% phenyl, and (c) 30
wt% phenyl
4.1.7 FTIR spectroscopy




Figure 18. FTIR spectra ofli-MCM-41 with (a) methyl, (b) no organic.
(c) biphenyl and (d) phenyl
Figure 19. FTIR spectra ofTi-MCM-41 with (a) diphenylene, (b) ethylene &
(c) phenylene
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cm (Figures 1 8 and 1 9). Ihe presence ni a band with similar frequency was considered
as a strong evidence ft)r incorporation of Ti in microporous crystalline titanium silicates.
Boccuti et a! have shown that the IR band at around 960 cm is attributed to a
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4.1.8. Nuclear magnetic resonance (NMR)
4.1.8.1 ‘3C CP MAS NMR
The ‘3C chemical shift ofTi—MCM—41 with organics in the pore wall are shown in
Figure 20. Figure 20A shows a single carbon peak at 15 ppm, which assigned to the
ethylene covalently linked to Si. Figure 20B shows a single carbon peak at 135 ppm,
which is assigned to phenylene group covalently linked to Si. Figure 20C shows a double
carbon peak at 135-l40, which is assigned to hiphenylene groups covalently linked to
Si, and Figure 20D for Ti-MCM-41 shows no peak because no organic functionality was
added. The chemical shifts ofTi-MCM-41 samples containing pendant organic are shown
in Figure 21. Figure 21A shows a carbon peak at 15 ppm, which is assigned to methyl
covalently linked to Si. Figure 21B shows a single peak 135 that is assigned to phenyl
covalently link to Si. Figure 21C shows a double carbon peak at 135-140 ppm. which is
assigned to biphenyl covalently linked to Si.
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Figure 20. Solid-state ‘3C CP/MAS spectra ofTi-MCM-41 (A) ethylene (13’I’SE),
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Figure 21. Solid-state ‘3C CP/MAS spectra of Ti-MCM-41 with pendant organic
functionalities (A) methyl, (B) phenyl, (C) biphenyl
4.1.8.2 29 MAS NMR spectra of Ti-MCM-41 with organic functional group
The 29 Si MAS NMR spectra of the Ti-MCM-41 containing different pendant
and porewall organic functionalities are reported in Figure 22. Distinct resonances that
are characteristic of silica network [Q = Si (OSi)0 (OlI) n = 2-4j were observed and
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were idenlilied as ftllows: Q’1 — Si(0Xi)1,Q — (( )I I)Si(OSI)3,and Q2———
(01l)7Si(0Si). Resonance of about —110 ppm corresponds to Q1 (Si (OSi)4.
Resonance about -100 ppm corresponds to Q3 (0ll)Si(0Si) and weak peak at -92 ppm
corresponds Q2 (l-IO)Si(OSi are shown on the spectra. Q3 and Q4 were the main
Species in all the materials synthesized; thus indicating that the silica network is well
condensed.
Resonances characterizing the organosi loxane network showing Si-C connections
were evaluated according to the following assignment: [T’11 — RSi (OSi)110H3 m = 1-
3]45 T3 is the main Si—C connectivity for all the materials. All prepared samples showed
the T3 peak at about -75 ppm that confirms the presence of bond between the silicon and
carbon. The ethylene and methyl showed high intensities ofT3 which indicates that the
carbon from the organic is bonded with more condensed silica.
In 29 Si MAS NMR spectra two types of bond were observed namely.
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biphenyl (b) phenyl, (c) methyl, (d) biphenylene, (e) phenylene. and (1) ethylene
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4.1.9 Thermogravimetric analysis
Ihermogravimetric analyses (iGA) of the samples were conducted from 30°C to
600°C. The TGA curves for Ti-MCM—41 containing phenyl and hiphenyl arc depicted in
Figure 23 and 24. Several weight loss events can bc distinguished. The region from
—13°C to 103°C, showing a loss of 11.46% is attributed to the desorption of water. The
second region 103°C to 388°C, showing a loss of 9.6% is attributed to the decomposition
and combustion of the organic template. The third from 388°C to 600°C, showing a loss
of 5.8% due to dehydroxylation of the surface. Both graphs show similar trend,
suggesting similar thermal characteristics. Overall weight loss is 26.9%. The analysis of
TGA data demonstrates a relatively high thermal stability (up to 388° C) of the
mesoporous organosilica before a decomposition of the organic moieties occurs, a
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Figure 24. TGA curve of Ti-MCM-41 with phenylene
4.2.0 Catalysis
4.2.1 Conversion of cyclohexene
The Ti-MCM-41 containing different organic functionalities were evaluated in
the catalytic epoxidation of cyclohexene at 60° C for up to 10 hr using 1BHP as the
oxidant. The results obtained from Figure 25, and 26 are summarized in Table 3. Gas
chromatography results show that cyclohexene epoxide, 2-cyclohexene-1-ol, and 2-
cyclohexene-1-one were the major products obtained with greater than 95% selectivity to
the epoxide. No epoxidation occurred in the absence of the catalyst. When Ti-MCM-41 is
used as a catalyst, the conversion of cyclohexene with dry 1BHP was significant, and this
could most likely be due to the large mesopores that facilitate easy access to the Ti-active
site. However with porewall functionalized Ti-MCM-4 1, the percent conversion
increased significantly and was in the order Ti-MCM-4 1- ethylene> Ti-MCM-4 1-
phenylene> Ti-MCM-41- biphenylene. To compensate fbr variations in the titanium
content among the different catalysts, activities were compared based on turnover
numbers (TON). TON trends in the catalysts performance were similar to percent
conversion, except that the phenylene containing Ti-MCM-41 showed highest activity on
a TON basis. It was shown that after 4 hr reaction time, the order of reactivity was
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Ii- M(’M-41-phenylene> ‘l’i-MC’M-41 ethylenc> l’i-MCM-41-diphcnylene. TON as
high as a I () lbr ‘I’i—MCM—41 with pheii’1enc was observed under dry conditions.
Improved conversion over the pure Ti—MCM—41 is attributed to the organophillic
environment generated around the Ti catalytic site. The pheiiylciie group seemed to he
the most effective in providing the organophillic center among the pore wall organic
species investigated. Trends in the percent conversion and TON of cyclohexene with
TBIIP using catalysts containing pendant organic groups were similar to that observed
for catalysts containing pore wall organics. That is, Ti-MCM.-4 I-methyl > Ti-MCM-41-
phenyl > Ti-MCM-41-biphenyl on a percent conversion basis, while the order was Ti































Figure 25. Percent conversion (A) and turn over number (B) for cyclohexene
epoxidation (with dry TBHP) catalyzed by Ti-MCM-4 I functionalized with porewall
organic. Reaction conditions: substrate: oxidant (1:1), temperature 60°C’, 0.024 mole
cyclohexene, 0.022 mole TBHP, 0.07 mole of CHCI3 0.1 g catalyst. Turn over number
(TON) = mole cyclohexene converted per mole of Ti.
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‘irends in the percent conversion of cyclohexene with catalysts containing
pendant organic Functiorialities were similar to that observed Ibu catalysts containing pore
wall organics; namely, Ti-MCM-41- methyl > Ti-MCM-41- phenyl > Ti-MCM-41-
diphenyl> Ti-MCM-41 (non-organic). The situation was different for TON. with Ti
MCM-41- phenyl> Ti-MCM-41- methyl> Ti-MCM-41-biphcnyl.
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Figure 26 Percent conversion, (A) and turn over number (TON), B for cyclohexene
epoxidation (with dry TBHP) catalyzed by titanium functionalized with pendant organic
Reaction conditions: substrate: oxidant (1:1), temperature 60°C, 0.024 mole cyclohexene
50
Reaction conditions: substrate: oxidant (1: 1). temperature 60°C, 0.024 mole cyclohexene,
0.022 mole IB1 ll, 0.17 mole Cl 1C13 and 0. 1 g catalyst.
Table 3. Epoxidation of Cyclohexene at 10 hr over Organic Functionalized Ti-MCM-41
Catalyst with Substrate: Oxidant of (1:1)
Product Selectivity (%) Ti
Catalysts Epoxidation of TON TOF CYE CY-O1-1 CY-ONE (i mole/g)
Cyclohexene % (h’)
Ti-MCM-41 50 132 13.2 95.1 4.27 0.6 915
-Si-C2H5i
Ti-MCM-41 46 173 17.3 95.7 3.71 0.6 643
-S i-C61 14-Si
Ti-MCM-41 41 117 11.7 96.0 2.98 1.0 857
-Si-C(14-C614-Si
Ti-MCM-41 57 124 12.4 99.2 0.75 - 1112
-Si-CR3
Ti-MCM-41 45 147 14.7 98.7 1.30 - 743
-Si-C6H5
Ti-MCM-41 42 112 11.2 97.5 1.59 0.9 908
-Si-C6I I-CH5
Ti-MCM-41 40 98.7 9.87 96.2 3.7 0.1 988
Reaction conditions: substrate: oxidant (1:1) molar ratio, temperature 60°C, 0.024 mole
cyclohexene, 0.022 mole TBHP, 0.17 mole CHC13 and 0.lg catalyst. CYE =
cyclohexene epoxide, CY-OR = cyclohexene-1-ol, CY-ONE cyclohexne-1-one, TOF =
turn over frequency = mole of cyclohexene per mole of Ti per hr.
4.2.2. Effect of water on the epoxidation of cyclohexene
Figure 27A shows the epoxidation of cyclohexene with porewall organic
functionalitized Ti-MCM-41 using 70% TBHP in water. Whereas with pure
Ti- MCM-41, a significant reduction in conversion is observed in the presence of water in
comparison to dry condition, conversion with the porewall organic functionalized
materials under wet conditions remained relatively similar to what they were in the dry
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conditions. When catalytic activity was considered in terms of TON, a similar situation
was observed. Significant reduction in catalytic activity was observed for Ti-MCM41
(no organic), catalytic activity maintained for Ti-MCM-41- ethylene and Ti-MCM-41-
biphenylene, and highest activity maintained for Ti-MCM4I- phenylene. Reduction in
catalytic activity in the case of Tl-MCM41 (no organic) is speculated to be due to
deactivation of the active site in the presence ofwater. It is evident that the presence of
the organic functionalities causes significant resistance to site deactivation, due to the
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Figure 27. Percent conversion (A) and Turnover number (TON) (B) for cyclohexene
epoxidation (with wet TBHP) catalyzed by Ti-MCM-41 functionalized with organic
materials as a part of the pore wall. Reaction conditions: substrate: oxidant (1:1),
temperature 60°C, 0.024 mole cyclohexene, 0.022 mole 1BHP, 0.17 mole CHC13 and
0.lg catalyst.
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Figure 28. Percent conversion(A) and Turnover number (TON) (B) for cyclohexene
epoxidation with wet TI3HP catalyzed by pendant organic functionalized Ti-MCM-41.
Reaction conditions: substrate: oxidant (1:1) molar ratio. temperature 60°C, 0.024 mole
cyclohexene. 0.022 mole TI3IIP, 0.17 mole CI1Cl and 0.lg catalyst.
Figure 28 shows the epoxidation ofcyclohexene with 70% 1131-IP in water using
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1i—M(’M—4 I containing pendant organic functionalities. I lere the catalysts all show
reduction in percentage conversion (Figure 28A) and turn over number (Figure 28B), but
they all maintained activity above that of pure Ti—MCM—41 . The reduction in catalytic
activity is likely due to deactivation of the active sites in .he presence of water. It is
thereibre evident that the presence of the organic functionalilies as pendant is not as
effective in imparting water resistance. The catalyst appeared more effective with organic
in porewall orientation, than in pendant, due to the creation of effective hydrophobic
environment around the site.
4.2.3. Effect of the amount of organic content on the catalytic activity of
Ti-MCM-41
There are two ways to improve the catalytic activity ofTi-MCM-41 materials in
the epoxidation of cyclohexene as described by Corma. The first approach involves
silylation of the Ti-MCM-41 which produces a very hydrophobic catalyst where as the
second approach is based on the removal of water from the reaction media. The increase
of activity is not due to change activity of the Ti sites, but rather to decrease of the
catalyst deactivation by reducing the formation of diols produced by ring opening of the
epoxide. Based on these strategies, a series ofTi-MCM-41 containing increasing amount
of phenyl as a pendant organic was prepared with varying wt ratio of TEOS and phenyl
silsesquioxane precursor ( 90%-10%, 85-15%, and 70-30%), and the catalytic activities

















































Figure 29. Percent conversion (A) and turn over number (TON) (B) for cyclohexene
epoxidation with dry TBHP catalyzed by Ti-MCM-4 1 with varying phenyl content.
Reaction conditions 0.024 mole of cyclohexene, 0.022 mole of TBHP 0.16 mole of
CHC13,and 0.1 g of catalyst, temperature 60°C, Substrate / Oxidant (1: 1)
Figure 29 shows cyclohexene epoxidation with dry TBI-IP in dry condition. The
catalyst maintained superior reactivity (conversion and TON) over Ti-MCM-41 (no





showed slight increase in catalytic activity. In the presence of wet ‘1.131 IP however, the
catalyst showed lesser catalytic activity in comparison to dry conditions (1igure 26A). In
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Figure 30. Percent conversion (A) and turn over number (B) for cyclohexene
epoxidation catalyzed by Ti-MCM-4 I with different ratios of TEOS and phenyl using
wet TBHP. Reaction conditions: 0.024 mole of cyclohexene. 0.022 mole of TBHP 0.16
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4.2.4 Conversion of anhydrous TBI1P in thec1)oxidation EOCCSS
Figure 31. Anhydrous 1BhP conversion with time in cyclohexene epoxidation.
Reaction conditions 0.024 mole of cyclohexene, 0.022 mole of 1BHP 0.16 mole of
CI-1C13 and 0.lg of catalyst, temperature 60°C, Substrate/Oxidant (1:1).
Figure 31 shows the conversion 1BHP during the epoxidation of cyclohexene.
Though the substrate! oxidant ratio was 1: 1, the oxidant disappears at a faster rate than
the cyclohexene substrate. For example on Ti-MCM-41 phenylene after 4 hr,
cyclohexene conversion was about 25% whereas the oxidant was 70%. TBHP conversion
follows the same order as cyclohexene conversion ethylene (92.0 %) > phenylene
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Figure 32. Anhydrous TBIIP conversion with time in cyclohexene epoxidation .Reaction
conditions 0.024 mole of cyclohexene. 0.022 mole of TBHP 0.16 mole of CHC13 and
0.lg olcatalyst, temperature 60 °C, Substrate/Oxidant (1:1).
The TBI-IP conversion follows the order methyl > phenyl > biphenyl > TEOS.
Similar observation was made for Ti-functionalized materials with pendant organic group
for example for phenyl and biphenyl, after 6 hr conversion were 37.5 and 33.0%
respectively, while the disappearance of TBHP was 80% in both cases. It is evident
therefore that there was TBHP decomposition.
4.2.5 Conversion of 70% TBHP in epoxidation of cyclohexene.
In the presence of water (70% TBHP) significant reduction in % conversion
(down to 20%) was observed for Ti-MCM-41, whereas porewall organic functionalized
Ti-MCM-41 maintained fairly high activity as in dry 1BHP (Table 4). For pendant
functionalized Ti-MCM-41 the conversion was lower in 70% 1BHP than ftr dry TBHP,





























Figure 33. Conversion of 70% TBHP with time in cyclohexene epoxidation using pore
wall functionalized Ti-MCM-41. Reaction conditions 0.024 mole of cyclohexene. 0.022
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Figure 34. Conversion of 70% TBHP with time in cyclohexene epoxidation using
pendant organic functionalized Ti-MCM-41. Reaction conditions; 0.024 mole of
cyclohexene, 0.022 mole of TBHP 0.16 mole of CHC13and 0.1 g of catalyst.
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0 2 4 6 8 10 12
Ti-MCM-41 no organic 80.3% 49.3%
Reaction conditions 0.024 mole of cyclohexene, 0.022 mole of TBHP 0.16 mole of
C1-1C13 and 0.1 g of catalyst. temperature 60°C, reaction time 1 0 hr. substrate / oxidant
(1:1) moLar ratio.
4.2.6. Effect of molar ratio of cyclohexene: oxidant on epoxidation
In our studies better conversion of cyclohexene and 1BHP were attained when
substrate: oxidant is in 1:1 molar ratio (Figure 35 and 36).
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lable 4. Percentage (‘onversion of Dry ‘l’Bl IP in the kpoxidalion of Cyclohexene
Conversion of ‘l’131 IP













Ti-MCM-41 phenyl 95.0% 62.3%
Ti-MCM-4 I biphenyl 90.4% 58.7%
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Figure 35. Epoxidation of cyclohexene with dry TBJIP catalyzed by
Ti-MCM-41-biphenyl with different substrate / oxidant ratio. Reaction conditions 0.024
mole of cyclohexene. 0.022 mole of TBIIP, 0.16 mole of CI1C13 and 0.lg of catalyst,
temperature 60 oQ
Cyclohexene conversion on the different substrate: oxidant ratios with bridged
precursor (Figure 35) follows the order: 1:1 (48.2 %)> 1:2 (32.3 %) > 2:1(27.2 %), and
with a precursor attached to the wall also followed the same order 1:1 (49.4%)> 1:2
(39.12%)> 2:1 (16.34%) (Figure 36). As shown in (Figure 33), the conversion of the
TBHP is above 90% with substrate: oxidant ratio of 1:1 which means there is enough
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Figure 36 Epoxidalion of cyclohexene with dry TBHP catalyzed by
Ti-MCM-41 -phenyl with different substrate / oxidant ratio. Reaction conditions 0.024
mole of cyclohexene. 0.022 mole of TBHP, 0.16 mole of CHC13 and 0.Ig of catalyst,
temperature 60 °C.
4.2.7. Re-cyclability of catalyst on the epoxidation of cyclohexene
After the reaction, the catalyst with 15 wt % phenyl was filtered, refluxed with
ethyl alcohol, filtered, followed by overnight drying at 100 °C and was recycled for
further reaction. After 10 hr run, yielded 40% cyclohexene conversion compared to 46%























Figure 37. Epoxidation of cyclohexene with fresh and used Ti-MCM-41-phenylene,)
conditions 0.024 mole of cyclohexene, 0.022 mole of TBI-IP 0.16 mole of CHCI3,and
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CHAPTER 5
CONCLUSiON AND FUTURE WORK
l’i-MCM-41 fimclionalized with ethylene, phenylene, biphenylene in the pore
wall and methyl, phenyl and biphenyl as a pendant were successfully synthesized by a
one-step co-condensation method using CTAB as a structure-directing agent. The
materials have large surFace areas above 500 m2/g, pore volumes ranging from 0.33 to
1.17cm 3/g, and pore sizes ranging from 3.0 to 6.0mm Ti content in the samples ranging
from 643 to 1112 t mole/g and was positioned in predominantly tetrahedral coordination.
29Si and ‘3C NMR show that the organic functionalities were incorporated in the
structure. The pore wall functionalized Ti-MCM-4 I showed similar activity to the
pendant functionalized counterpart under dry conditions. Under wet conditions, however,
porewall functionalized material show high resistance to reduced catalytic activity
compared with pore wall functionalized material. This could be due to close protection of
the active Ti site by creating a more effective hydrophobic environment, isolating the site
from water, thus minimizing site deactivation. Increasing the pendant organic content
from 10 to 30 wt % caused an increased catalytic activity but the catalysts were subjected
to reduced activity in the presence of water. The Ti-MCM-4 1 catalyst containing
different functionalities were tested in the catalytic epoxidation of cyclohexene with
TBHP as the oxidant. Cyclohexene epoxide, 2- cyclohexene- 1 -ol, and 2-cyclohexene-one
were the products obtained with greater than 95% selectivity to the epoxidation and
conversion up to 57%. for pore wall functionalized materials, cyclohexene conversion
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lollowed the order ol Ii—M(’M—41 — ethylene > ‘li—MCM—41 phcnylene > Ti—MCM—41 —
hiphenylene >Ti—MCM—4 1 (no organic). For pendant organic groups, the conversion was
in the order Ti—MCM—41 —methyl > Ti—MCM—41 —phenyl > Ti-MCM—41 -hiphenyl > Ti
MCM—41 . The presence of the hydrophobic organo—silicate groups in the framework are
very important and positively affect the catalytic activity and improve hydrothermal
stability. In the presence of water (70% TI3IIP), significant reduction in percent
conversion down to 20% was observed for Ti-MCM-41 without organic. Whereas
organic functionalized catalysts in the frame work maintained similar activity. The
conversion of the cyclohexene with pendant organic functionality was reduced, but all
remained active above the pure Ti-MCM-4 1. The reason for the reduction of cyclohexene
conversion is due to deactivation of the active site that the organic are not close enough to
Ti to protect it from water. The catalysts maintained superior reactivity (conversion and
TON) over Ti-MCM-41 (with no organic).
Cyclohexene conversion using dry TBHP was done with different ratio of TEOS
and phenyl. Increases of phenyl content (organic) showed slightly increase in catalytic
activity. In the presence of wet TBHP, however the increasing of phenyl showed distinct
performance. As the organic content is increased, the conversion and the TON increased.
In our studies better conversion of cyclohexene and TBHP were obtained when substrate:
oxidant is in 1:1 molar ratio. The synthesized functionalized catalysts were found to be
reasonably stable and reusable for the epoxidation reaction. Hence, they have real
potential as catalysts in fine chemical industries. Additional work is needed to gain
further insight into the mechanistic aspects of this process.
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